forms a stable ternary complex with polypeptide chain elongation factor Tu (EF-Tu) and aminoacyl-tRNA, and this complex binds rapidly and tightly to a properly programed ribosome. However, the rate constant for the subsequent hydrolysis of the f-y pyrophosphate bond (3.9 x 10-3 sl at 50C) is less than 1/2,500th of that for the analogous reaction of GTP. We have taken advantage ofthis low rate to determine the rate constant for dissociation of the complex of poly(U)-programed ribosomes, EF-Tu, PhetRNAPhe, and GTP['yS] (2.7 x 10-3 s-') and the second-order rate constant for formation ofthis complex (3.3 x 106 M-' s-1). Therefore, the Kd of the complex may be calculated to be 8.2 x 10-10
The selection of an aminoacyl-tRNA (AA-tRNA) by a mRNAprogramed ribosome is one ofthe key reactions determining the fidelity of protein biosynthesis which, by current estimates (1, 2) , exceeds 99.95%. The mechanism of this selection process has attracted a good deal ofinterest since Hopfield (3) proposed that it exemplified a form ofsubstrate selection known as kinetic proofreading. The selection is thought to occur according to the following scheme: the mRNA-programed ribosome binds a ternary complex ofEFTu, GTP, and the AA-tRNA with rate constant ki, and it either dissociates this ternary complex with rate constant k-1 or hydrolyzes its GTP with rate constant k2. Second, the products EF-Tu-GDP and Pi dissociate from the ribosome, and the AAtRNA may either enter the ribosomal A (acceptor) site with rate constant k3 or dissociate from the ribosome with rate constant k4, depending on the strength of the codon-anticodon interaction (4) (5) (6) . We have shown previously (6) that errors are made quite frequently in the first recognition step but that they are usually corrected by the second recognition step, which is therefore known as proofreading (3) . This paper addresses the question ofwhy the first recognition step-selection and hydrolysis of a ternary complex-is insufficiently accurate to achieve the required fidelity by itself and hence requires subsequent proofreading. Failure to obtain high specificity in the GTPase reaction has generally been attributed to there being only a small difference in free energy between the cognate and near-cognate noncovalent complex formed between the ribosome and a ternary complex (RS-TC). Alternatively, however, it might be the result of the rate constant for GTP hydrolysis (k2) being comparable to the rate constant for complex dissociation (k_1), so that the potential specificity ofthe initial selection process (kl/k-1) is never fillly realized. To (11) . In these studies we were not able to measure the rate constant k1 because the rate of GTP hydrolysis is too fast. To with AcPhe-tRNA bound to poly(U)-programed ribosomes. We observed that the binding of the ternary complex to the ribosomes as measured by nitrocellulose filtration (12) is rapid (see Fig. 2 ), but that GTP[yS] hydrolysis is quite slow (see Fig. 1B ). Nonetheless, the GTP[yS] hydrolysis seems to be analogous to the faster GTP hydrolysis process, in that both require ribosomes, EF-Tu, and Phe-tRNA, both are inhibited by thiostrepton, and both are required for peptide bond formation (data not shown).
Therefore hydrolysis (11, 17) . The lower rate of hydrolysis of the phosphorothioate is typical ofa number of similar reactions involving ATPases and phosphatases (18, 19) and therefore can be concluded to reflect general differences in the hydrolytic mechanism of the two pyrophosphate bonds rather than differences in the structure of the two RSTC. In fact, the observation that hydrolysis does occur at this decreased rate provides further support for the hypothesis that the complex that accumulates when the ribosome binds AA-tRNA EF-Tu GTP[yS] is similar in most respects to the physiological complex, which is an intermediate in the binding of AA-tRNA to ribosomes. The most striking result is that in binding the slowly hydrolyzed GTP[yS] complexes, the ribosome showed unexpectedly high accuracy in discrimination of cognate from near-cognate ternary complexes. The difference between the kd of the cognate complex (8.2 x 10-10 M) and that of the noncognate complex (>1.7 x 10' M) is more than three orders of magnitude.
Moreover, the kinetics ofthe GTPase reaction between poly(U)-programed ribosomes and a Leu-tRNA2eu ternary complex indicate that the Kd of this RSTC is >2 x 10-5 M (16), making the true discrimination capacity of the ribosome greater than four orders of magnitude. In contrast, the poly(U)-programed ribosome's ability to hydrolyze the GTP of a Phe-tRNA ternary complex is only 12-fold greater than that of the Leu-tRNA2Lu ternary complex (6, 11, 16) .
The increased selectivity observed with the GTP[yS] complex is unlikely to be due to improvements in the stereochemical fit of codon to anticodon resulting from the 0 -O S substitution in the GTP. As argued above, there is every reason to believe that the changes due to this substitution are small and that the rate constants and equilibrium constant for formation and breakdown of the RS-TC containing GTP are nearly identical to those measured for GTP [yS] . For reasons we will now describe we believe that the increased selectivity observed with the GTP[yS] complexes, compared with GTP complexes, results from the marked differences in their rates.
Our earlier work demonstrating the poor selectivity of the ribosome at the stage of GTP faster than their counterparts for the cognate reaction, it appears that kn1c cannot be much greater than k2nc for the GTP complex. Therefore, the high error rate observed in the ribosome's discrimination of cognate and near-cognate ternary complexes is a consequence ofits emphasis on speed, in that the initial binding is followed by GTP hydrolysis before the step with rate constant k-1 can discriminate between the two complexes.
In most cellular processes the sacrifice of accuracy in favor of speed would be surprising because it would seem simpler to achieve the desired effect through increasing the concentration ofthe catalyst. Ofcourse, this option is not available for E. coli, in which the catalysts for protein biosynthesis already constitute -50% of the cell's dry weight.
The concept that the accuracy of protein biosynthesis could be limited by its speed is not a new one. Several years ago Ninio (20) proposed that the increased accuracy of strA mutants and the decreased accuracy of ram-i mutants of E. coli could be explained on a kinetic basis, and several ribosomal mutants that have increased accuracy have been reported to have a lower than normal rate of peptide chain elongation (21) (22) (23) . Unfortunately, in only one case have both these effects been shown to be due to a single mutation (23) and there are many "accuracy" mutants that do not show any change in chain elongation rate. In addition, in vitro experiments have generally shown a correlation between speed and accuracy that is the opposite of that predicted by the kinetic theory (24) , and so the concern of most investigations has been with structural problems of distinguishing AA-tRNAs on the basis of the anticodons (3, 4, (25) (26) (27) . The experiments reported here provide unambiguous evidence that kinetic rather than structural factors limit the accuracy of AA-tRNA selection when it operates at a speed close to those observed in vivo. They suggest that the relevance of in vitro measurements for the accuracy of the in vivo process will depend on the rate of the in vitro reaction.
Over the past few years a number of mechanisms have been advanced to explain the high selectivity ofcertain selection processes in vivo when in vitro experiments have seemed to indicate that the intrinsic specificity ofthe selection apparatus was insufficient (3, 25, 27) . With the demonstration that the ribosome can achieve in a single step the high selectivity required for protein biosynthesis, both the basis for the earlier estimates of the equilibrium specificity of the mRNA-programed ribosomes and the function of proofreading reactions in AA-tRNA binding to ribosomes must be reevaluated. Estimates of the equilibrium specificity were primarily drawn from measurements and calculations of the fidelity of base pairing in model systems, such as long polynucleotides (28) or the anticodons of two tRNAs (29) . The much higher specificity of the pairing of codon and anticodon on the ribosome described in this paper indicates that its surface considerably restricts the ambiguity seen in base pairing in simple model systems in aqueous solution.
Proofreading serves the function originally proposed for it irrespective of whether the errors it eliminates arise from a poor equilibrium selectivity, as originally proposed, or from kinetic considerations as shown here. However, the key question in the latter case is whether proofreading can eliminate these errors without sacrificing the speed advantage gained from the use of a fast, low-accuracy initial recognition step. To answer this question we have examined the more general question of the relative rates of two selection processes-both operating with the same overall specificity, Sprocess) but one having n and the other having n -1 steps. Each of the steps is assumed to have the same maximal selectivity, Sstep, defined as the fractional enrichment for the cognate species at each step, and selection is assumed to operate primarily on reverse (e.g., k.1) and rejection rate constants (e.g., k4) rather than on forward rate constants (e.g., k2 and k3).
The ratio of the apparent maximal rate constants for these processes, (kmaxJn/(kmnx)nl, is given by the following expression: By differentiation with respect to Sprmess, it can be shown that this expression is always >1. Therefore, (km=)a must be greater than (kma)ni, leading to the somewhat anti-intuitive conclusion that the selection process with the greater number ofsteps can achieve any given specificity faster than one with fewer. In particular, a process with proofreading (two steps) can operate faster than one without (one step), and the difference in rates can be very significant when the selectivity required ofthe process approaches that available from a single step. This is apparently the case in protein biosynthesis, in which the selectivity required (1, 2) and that available from a single step are both of the order of i0' (see above). We conclude that the necessity for a complex recognition scheme involving proofreading in AA-tRNA selection by ribosomes is likely to be due Biochemistry: Thompson and Karim 
